Step and flash imprint lithography (SFIL) is a promising method recently used for next generation lithographic technology because it is a high-speed process that can be carried out at room temperature and low pressures. Improvements made to SFIL enable the replication of crossbar patterns with a high resolution and the development of suitable materials and techniques to achieve high resolution capability. In this study, SFIL is used to fabricate high-density random access crossbar arrays based on a NiO resistive switching system. The bottom and top electrodes are transferred onto silicon wafers perpendicular to each electrode using the inductively coupled plasma reactive ion etching (ICP-RIE) technique. Direct metal etching without a wet-based process minimizes damage to the electrode surface. The I -V curves of individual active cells (70 × 70 nm 2 ) for crossbar arrays reveal the unipolar resistive switching (RS) behaviour of the fabricated device. A high off/on resistance ratio (>10 4 ) and reproducible resistance switching characteristics for each active cell were found in different fields and for different wafers. The experimental data indicate that high-density crossbar arrays can be well replicated and that the electrical performance of these arrays is reliable.
Introduction
Photolithography has acquired considerable importance in the electronics and semiconductor industries in the last few decades. However, the development of novel lithographic techniques is a challenging task as the feature size decreases below the wavelength of light used in photolithography. Nanoimprint lithography (NIL) is a promising method used for fabricating nanometre-scale patterns since it is inexpensive and helps achieve high throughput and high resolution [1] . NIL can be classified into two types depending on whether the imprint resist is cured by heat or UV light during the 3 Author to whom any correspondence should be addressed. imprinting process.
Step and flash imprint lithography (SFIL) is a UV-based technique in which transparent templates and UV-curable resists are used. The main advantage of SFIL is that replication of nanopatterns is possible and the conventional overlay process can be carried out at room temperature and low pressures to achieve a high throughput [2, 3] . Although NIL techniques based on the thermal deformation of polymers have been successfully used to fabricate extremely small patterns (with dimensions as small as 6 nm) with PMMA films [4] , they afford small depressed features or low-aspect-ratio features. These difficulties are overcome in SFIL, where the lift-off process is replaced with reactive ion etching (RIE) achieving high selectivity and anisotropy [5] .
Following its application for the fabrication of crossbar arrays [6] [7] [8] , NIL has been successfully used to produce nonvolatile memory devices with resistive switching (RS) characteristics [9, 10] . RS is a unique phenomenon observed in metal-insulator-metal (MIM) memory cells (also called resistive random access memory (RRAM) cells), which have been extensively investigated as promising candidates for nonvolatile memory devices; this is because RRAM cells have a simple structure, fast operating speed, high scalability and thermal stability [11, 12] . Although the exact switching mechanism in MIM-based RRAM devices has not yet been clarified, reproducible resistive switching systems, which continuously switch between a low-resistance state (R ON ) and a high-resistance state (R OFF ) under electric stress have been developed.
Thin films of transition metal oxides show RS behaviour in the polycrystalline state rather than in the crystalline state. RRAM devices based on transition metal oxides such as TiO 2 [9, 13, 14] , NiO [15, 16] and Al 2 O 3 [17, 18] have been recently reported. However, while most of the previous studies on RRAM devices have focused on RS materials or the switching mechanism, the feasibility of mass production of RRAM arrays has not been investigated extensively.
In this study, we use wafer-scale SFIL to fabricate identical RRAM crossbar arrays consisting of a polycrystalline NiO film sandwiched between two electrodes and then characterize the resulting arrays. NiO thin film is chosen because its unipolar RS characteristics, which can be explained using a conductive filament model [19] , make it suitable for use in nonvolatile memory applications. In addition, we investigate the reliable fabrication of NiO-based MIM systems in RRAM devices since such devices are expected to have good memory retention properties, as well as high scalability.
Experimental details

Imprinting process
Quartz templates (dimensions 65 mm × 65 mm) were prepared by electron beam lithography (EBL) and etching of a quartz template in order to study the imprint capability of IMPRIO 100 from Molecular Imprint Inc. (Austin, TX, USA). The etch depth of the quartz template was 120 nm. Experimental details for the quartz template can be found in previous work [20] . The template patterns were designed from contact pads of 80 × 80 μm 2 to nanowires with line widths of 500, 200 and 100 nm. The templates were initially cleaned by sonication in acetone and treated in a conventional piranha solution at 90
• C for more than 1 h. The surface energy of the templates was minimized by spraying them with an antiadhesion agent RelMat (Molecular Imprint Inc.) so that they could be easily removed from the imprinted polymers. Adhesion of the imprint resist to the template is one of the problems that needs to be addressed in SFIL. The imprint resists were made of acrylate monomers, which have a very low viscosity, and were deposited in a pattern of drops. The total volume of the resist was about 17 nl per imprinted area (a field), dropped as a controllable pattern of nine drops. The drop pattern was optimized in order to prevent the trapping of air in the imprint resists. The volume of the resist and the drop pattern determine the thickness of the residual layer of filled imprint patterns. First, imprinting was performed on a substrate covered with a bottom antireflective coating (BARC) planarization layer. A liquid acrylate monomer layer was dropped between the quartz template and the substrate ('step') and exposed to UV light for a short period of time ('flash'), as shown in figures 1(a) and (b). The bottom electrodes were then patterned onto a 4 inch silicon wafer by imprinting and subsequent etching. The alignment system in IMPRIO 100 was used to overlay the template for the second imprinting process (alignment process) after deposition of NiO thin film insulating material on the bottom electrode. The overlay accuracy achieved with the IMPRIO 100 device was 500 nm (3σ ). The BARC layer enhanced the adhesion of the imprint resist to the substrate and acted as a transfer layer to achieve a high aspect ratio. The force in the Z -direction with respect to the substrate was maintained at 3 N for 2 min, and the substrate was then exposed to UV light for 10 s.
Direct etching process
Inductively coupled plasma reactive ion etching (ICP-RIE) was carried out in two steps. Figures 1(c) -(e) show a schematic diagram of the two steps: polymer layer etching and direct metal etching. In the first step, a mixture of trifluoromethane (CHF 3 ) and oxygen (O 2 ) was used to remove the residual imprint resist layer (<80 nm) and BARC layer (60 nm), as shown in figure 1(f) . The standard conditions employed in the first step were as follows: CHF 3 content in the CHF 3 /O 2 mixture, 60%; RF generator power, 50 W; ICP power, 1000 W; gas pressure, 10 mTorr. After removal of the residual layers, the patterns were transferred onto the Pt electrode layer using Cl 2 /Ar gas. Direct metal etching of imprint resist materials has not been widely used because of the extremely low etch selectivity of metals against photoresist films. Further, photoresist films are prone to damage during etching [21] . Recently, lift-off processes or reverse-tone step and flash imprint lithography (R-SFIL) have been proposed to overcome these difficulties [22] . However, these wet-based methods have several disadvantages such as metal retention, forming of ears and reattachment of the metal to the electrode surface. In this study, direct metal etching was used to create patterns using a mixture of acrylate monomers containing 5% silicon as the imprint resist; good etch profiles were obtained in this case because of the high etch selectivity. Furthermore, because of the high ICP power and etch speed, reasonably accurate patterns were obtained on the Pt electrodes. The scanning electron microscope (SEM) image in figure 1(h) reveals that all the parallel Pt nanowires had a line width of less than 100 nm and a half-pitch of 100 nm. The residue of the BARC layer formed on the electrodes was removed by dry stripping using oxygen plasma.
Sample deposition
Pt top and bottom electrodes with a thickness of approximately 30 nm were deposited on a NiO thin film and a SiO 2 /Si substrate, respectively, by using the e-beam evaporator in the KVE T-C500200 system obtained from Korea Vacuum Tech., Ltd (Goyang, Gyeonggi, Korea). Polycrystalline NiO films were grown on the Pt bottom electrodes by reactive DC magnetron sputtering. Transmission electron microscopy (TEM) measurements revealed that the thickness of the NiO thin films was about 30 nm.
NiO thin films were used here because NiO has excellent electrical properties and been widely studied as a resistance switching material for RRAM devices. Results of previous experiments revealed that NiO-based RRAM devices have reliable retention and endurance characteristics owing to their unipolar RS behaviour [16] .
Results and discussion
Fabrication of RRAM arrays
Crossbar architectures can be used in nanoelectronic circuits as the fabricated devices have a very high density and a simple configuration. Several research groups have reported on the use of unique lithographic methods for fabricating crossbar circuits; however, most of these methods are not yet feasible for low-cost and/or mass production. SFIL is an alternative nanoimprint technique that addresses the abovementioned issues; this is because of the field-to-field drop dispensing of UV-curable resists used for step and repeat patterning. In this study, 16 × 16 nanowire crossbar arrays were fabricated by SFIL using a NiO capacitor system. In SFIL, it is important to maintain the uniformity of the residual imprint resist layer. Owing to viscous forces, complete removal of unwanted resist materials from the imprint region was not possible, and hence a residual imprint resist was observed. The maximum depth of the residual layer of the imprint resist was maintained below 80 nm since poor etch profiles of the Pt electrodes were obtained at higher residual depths. Further, samples in which the depth of the residual layer was >80 nm showed high electrical resistance but no RS characteristics.
The second imprint (alignment) was formed after achieving complete control of the first imprinting process and etching process. The BARC layer was double coated during the alignment process in order to enhance the selectivity of the metal during etching. The alignment mark had a moiré pattern, which could be used for making final alignment corrections. Figure 2(a) shows that the field-to-field patterns were well reproduced on a 4 inch wafer after imprinting, dry etching and alignment. (Although 16 × 16 and 3 × 3 crossbar arrays were formed in each field during the device stacking process, only the 16 × 16 crossbar arrays were investigated.) The optical image of a 16 × 16 crossbar pattern in a field is shown in figure 2(b) . The SEM images and atomic force microscopy (AFM) profiles of the patterns in all fields revealed that the 16 × 16 crossbar arrays were almost identical, with an overlay error of <300 nm, as measured using the alignment system in IMPRIO 100. The length and width of the aligned nanowires were 1 μm and 100 nm, respectively. These results indicate that a combination of SFIL and direct metal etching affords an automation system for the rapid and low-cost mass production of memory devices without the need for any wet process.
Each crossbar array (figure 2(c)) consists of a NiO thin film sandwiched between a top and a bottom Pt electrode (width 70 nm, half-pitch 100 nm) that are perpendicular to each other. Each cross point acts as a reversible and nonvolatile resistive switch, and 256 switches are connected to form a 16 × 16 crossbar circuit with an area of 3.2 μm 2 . This cell density is equivalent to a bit density of 8 Gbit cm −2 .
Electrical properties
The 16 × 16 crossbar circuits were tested as 256 bit random access memories at room temperature under ambient conditions. A DC sweep voltage was applied to the corresponding contact pads of a 16 × 16 crossbar circuit using an Agilent 4155B semiconductor parameter analyzer. The area occupied by the active switching elements in each crossbar circuit was 70 × 70 nm 2 . Figure 3(a) shows the typical I -V characteristics of the Pt/polycrystalline NiO/Pt structure, which shows unipolar RS, for the first cell. A positive sweep voltage was applied to the top electrode, while the bottom electrode was grounded. The compliance current was set at 1 mA to protect the fabricated device. During the first voltage sweep cycle after the electroforming process, the R ON state (∼1 × 10 −3 A) dramatically changed to the R OFF state (∼5 × 10 −6 A) at 1.9 V (reset process). This R OFF state then recovered to the R ON state at 3.2 V (set process). The abovementioned results agreed with the switching behaviour observed for a relatively large pattern (area 300 × 300 μm 2 ) in a previous study [15] . Unipolar RS in NiO films can be explained by the formation of filament conducting paths, and the RS phenomenon is due to the formation and rupture of conductive filaments in the NiO matrix. As the applied voltage increases, voltage-induced dielectric breakdown (formation of localized filament conducting paths in the NiO film) occurs during the forming process. During the reset process, the conductive filament is disrupted thermally because of Joule heating. As the applied voltage increases beyond the reset voltage, the filament recovers (set process). In order to verify the size effect, patterns with cell sizes of 1 × 1 μm 2 , 500 × 500 nm 2 and 200 × 200 nm 2 were tested under identical conditions. The obtained I -V curves showed nearly identical traces with a small dispersion of the set and reset voltages. This indicated that NiO-based resistive systems have reasonable scalability, because of which they can be used in nanosized RRAM devices. Recently, Lee et al fabricated Ni nanofilament channels across a NiO thin film. In addition, nanoscale conducting paths were formed at the grain boundaries of the NiO matrix, whose dimensions corresponded to those of Ni nanowires [16] . Figure 3(b) shows the reproducible switching characteristics of the crossbar array under the application of a continuous DC sweep voltage. Figure 3(b) shows the bistable resistance characteristics as a function of the switching cycle up to 50 cycles with a high off/on resistance ratio (>10 4 ). Most of the previous studies on RRAM devices have focused on RS materials and/or the RS mechanism, but the feasibility of the mass production of these devices has not been investigated in detail. This study shows that it is possible to fabricate identical RRAM arrays on a wafer scale. Two wafers, each with identical crossbar arrays, were fabricated for comparison of the electrical properties of the arrays during the abovementioned SFIL process. The on/off current ratio (I ON /I OFF ) and operating voltage, which depends on the nature Figure 4(a) shows that the on/off current ratio was more than 10 3 for both wafers. This result indicates that SFIL would be a promising tool for the mass production of RRAM devices. The relationship between the operating voltage and the field location can be represented by a scatter distribution function, even though the voltage scale is less than 5 V ( figure 4(b) ). Previous studies suggest that structural defects such as oxygen vacancies in the NiO/Pt interfaces affect the reliability of the RS behaviour [23] .
Conclusion
NiO-based crossbar arrays were fabricated by SFIL using the overlay technique. The thickness of the residual imprint resist layers was maintained below 80 nm, and hence direct etching of Pt electrodes could be carried out without the need for any wet process. Consequently, patterns without irregular interfaces (which degrade the electrical properties of a circuit) between the electrodes and the resistive thin film could be formed. Identical 16 × 16 crossbar arrays formed on 4 inch wafers indicated that SFIL is well suited for the mass production of memory devices. The field-to-field patterns formed on two 4 inch wafers revealed the unipolar RS characteristics and reproducible switching behaviour of the Pt/NiO/Pt structure (linewidth 70 nm, half-pitch 100 nm). The off/on current ratio was >10 3 in all the fields, even when wafers with different dimensions were used for patterning. The dispersion of the operating voltage could be explained on the basis of structural defects. Further, the identical I -V characteristics observed for patterns of various sizes were due to the extremely thin nanofilaments formed in the NiO matrix. The reliable RRAM arrays of the NiO-based memristive systems using SFIL suggested that they could be used in RRAM devices for mass production.
